Abstract-This paper aims to give an overview of multi-lift rotorcraft (MLR) systems' theoretical research and associated flight tests in the past years, making it possible to inform researchers of future applications or strategies of related research. Analyzing some published papers searched on online databases, hot issues such as modeling, configurations, coordinated control and experiments of multi-lift rotorcraft systems are outlined. As a consequence, the major problems as well as development tendencies of multi-lift rotorcraft systems are analyzed and the future work is also pointed out. The summaries of existing modeling and control frameworks try to give researchers an insight into multi-lift rotorcraft systems.
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Stage I (1950-1970) [2] [3] [4] : In the 1950s, the study on large scale helicopters carrying a heavy load had attracted much attention, but the research progress was quite slow. Consequently, some researchers began to utilize two rotorcrafts to transport cargos. Meanwhile, some countries used manned helicopter to conduct some flight experiments. Nevertheless, papers enabled us to find that the flight demonstration of this period could only guarantee the stable hovering of the system, and it was unlikely to achieve a simple complete flight, which posed a great threat to pilot's health. As a result, the related research was not finished.
Stage II (1980 II ( -1990 [6] [7] [8] [9] [10] [11] [12] : In the 1980s, with the development of modern control science and technology, flight control science and technology was rapidly developing. At the same time, an increasing number of famous universities and institutes such as Massachusetts Institute of Technology (MIT), Arizona State University, University of California and Georgia Institute of Technology restarted relevant research. They obtained a series of theoretical research results based on the latest control theory. Nonetheless, the work of this stage only focused on theoretical study which was different from the former research. As the researchers or pilots had some difficulty in guaranteing the safety of flight experiments, there are few reports about flight experiments.
Stage III (2005-present) [13] - [33] : From the end of the last century to this century, Rotor Wing Flying Robots, namely Unmanned Aerial Vehicles (UAVs) has rapid development. UAVs can autonomously fly and complete some complex experiments, like aerobatic demonstration. A surging number of research groups have restarted to conduct some theoretical studies and flight experiments depending on the platform of UAV since 2005. These studies are able to provide some valuable experience for researchers. Some researchers from Technische Universität Berlin, DLR, Universidad de Sevilla [17] , [18] , [21] [22] [23] absorbed in helicopter slung load systems, and University of Pennsylvania [19] focusing on quadrotor slung load systems are doing some research using multiple rotorcrafts via simulation and flight tests. Current available institutes and some structure features of their MLR platforms are illustrated in Table I .
However, a MLR system is at a disadvantage in terms of a wide range of challenging problems existing in the system which are likely to hinder efficient work, like modeling and control. To cope with these current problems, numerous methods have been developed to enhance system performance. In this paper, we will summarize relevant research achievements about multi-lift rotorcraft systems which are coupled with physical connection constraints.
978-1-5386-7057-6/18/$31.00 © 2018 IEEE [28] To give details about such development, the rest of this survey is organized as follows. In section II, dynamics modeing for MLR systems is briefly outlined. In section III and IV, studies of multi-lift rotorcraft systems are presented in detail, which consist of coordinated control strategies as well as experimental studies. In section V, the main challenging problems in this field and some development tendencies are discussed. In section VI, some concluding remarks as well as future work are given.
II. PLANT MODELING
Some studies put emphasis on configurations of MLR systems. Fig. 1 and Fig. 2 show the most common configurations in this research field [7] , [29] , [34] , [35] . To make the mathematical modeling of the MLR systems, most of previous work made the following assumptions: 1) The tether is massless and the tether force is always nonnegative.
2) The rotorcrafts are rigid and symmetrical.
3) The slung load is regarded as a mass point. 4) Aerodynamics of the load/tether system is neglected. 5) The suspension point coincides with the rotorcrafts' center of gravity.
Under the above assumption, a majority of relative modeling work was absorbed in twin-lift helicopter systems and considered the coupling in the lateral/vertical plane. That is, the system is simplified into seven degrees of freedom (DoFs). Based on these fundamental conditions, Massachusetts Institute of Technology (MIT), University of California and Arizona State University studied its linear performance [9] [10] [11] [12] and Georgia Institute of Technology concentrated on the nonlinear dynamics [4] , [6] , [35] . Since 21st century, a multitude of researchers have considered the full state mathematical model. For example, University of Pennsylvania [19] , [20] demonstrated full twelvedimensional state-space equations. These researchers studied the inverse kinematics problem and the forward direction kinematics problem. However, the structure of quadrotor is generally symmetrical so that there is no need to consider its sophisticated nonlinear aerodynamic features.
Some researchers from Shanghai Jiaotong University carried out similar studies. They studied close-coupling multiple helicopters in dynamics analysis [12] , stability analysis [13] and equilibrium computation with hover condition [11] . Whats more, they established a multi-robot cooperative hoisting platform to conduct some simulations [11] , [12] .
To sum up, most studies about the modeling of closecoupling multiple helicopters are based on stable flight and the nonlinear/linear models are simplified. There are few studies about the large flight envelope and united dynamic model of the whole system.
Remark 1: The mathematical model of MLR systems is worth studying. A host of papers have finished system modeling with some assumptions by using different methodologies, such as Euler-Lagrange method , Udwadia-Kalaba Equations, Newton-Euler method and Kane's method. For example, reference [30] only obtained the mathematical model of a twin-lift quadrotor system according to Euler-Lagrange equations considering that the movement of the UAVs is restricted to the XZ plane, namely a planar scenario.
Remark 2: It is clear from Table I that research of MLR system, a wide variety of research teams employed quadrotors, single-rotor UAVs and hexacopters to carry out their research,yet few groups utilized tilt-rotor UAVs and octocopters to conduct their research.
III. COORDINATED CONTROL
Coordinated control strategies with high performance are the key to utilize close-coupling multiple rotorcrafts to transport slung loads. A majority of the previous studies used linear coordinated control strategies depending on linear dynamic model. For instance, [12] used a classical single channel control method based on the frequency domain and [8] used LQR/LQG on the basis of modern control theory. [9] discussed cases with the tethers equal in length and unique in length, and utilized H∞ control method to a twin-lift rotorcraft system in order to provide adequate stabilization of the helicopter pitch attitudes and minimize the output of controller.
Although the equal tether configuration appears to slightly outperform the unequal tether system in terms of overshoot and settling time, the unequal tether system offers the benefits of decreasing control action and the additional feature of higher safety by increasing the separation between the main rotors of the master and slave helicopters. Finally, both the equal and unequal tether controllers perform quite well in the face of both load uncertainty and aerodynamic uncertainty.
Nonlinear control strategies can greatly sharpen the flight skills and robust performance of the close-loop systems. Therefore, some nonlinear control methods like feedback linearization as well as adaptive control are proposed. In [35] and [6] , several scholars from Georgia Institute of Technology used feedback linearization to study twin-lift rotorcraft systems. On the basis of these work, they combined feedback linearization with adaptive control to tackle the problem of poor performance caused by uncertain parameters [7] . With the development of control theory in 21st century, especially the development of the control method based on the sensors technology with high performance, the flight control method of rotorcraft has developed rapidly, which does good to the study of MLR systems. For instance, German Aerospace Center (Deutsches Zentrum für Luft-und Raumfahrt, or DLR) carried out many valuable studies [17] , [18] . The researchers from DLR combined decentralized fundamental control structure with a force sensor to measure the coupling effects between rotorcrafts and the slung load. The usage of the force sensor simplified the design of orientation controller and made it robust against variations of system parameters and disturbances [18] . However, they considered the coupling effects as disturbances. So it is not a coordinated control method to some degree. The method is not effective in nonstable conditions, which may lead to the descending of performance and flight danger [18] . In 2017, both researchers from ETH Zurich [26] and University of Zurich [27] employed bio-inspired collaborative strategy based on the master-slave paradigm. The follower from University of Zurich combining Proportional-Derivative (PD) controller with linear quadratic regulator (LQR) controller had an extra pinhole camera with which it tracked the April Tag of the leader with LQR controller at 5Hz, while the follower from ETH Zurich did not need recognizing the leader.
Apart from the above technologies, there are some other methods. T. Lee [25] , [31] proposed geometrical controller which allowed to follow a desired trajectory including both the payload position and attitude. Then, consensus and graph theory [32] were utilized for multiple rotorcrafts synchronization and distributed control, respectively. Some researchers [33] used a controller to obtain the desired forces on the tethers to follow the desired trajectory, where the rotorcraft speed as well as thrust were computed. Some scholars [24] proposed a multi-level and distributed control system for a multi-body slung load system on the basis of robust model predictive control (MPC) technique to study trajectory planning, trajectory tracking and velocity and attitude control.
In the light of the above related studies and the features of rotorcrafts, the problems of MLR systems, especially the coordinated control of close-coupling multiple rotorcrafts are presented as follows.
First of all, rotorcrafts with complex dynamic performance and coupling model performance are sensitive to external force and torque. The physical close-coupling characteristic has great effects on the flight stability. Moreover, every rotorcraft may fly stably in informal mode which is likely to lead to more complicated control problem. The system may be much more sensitive to external disturbances that will degrade the stability of rotorcrafts. These challenges enable researchers to propose more useful control strategies for further studies of MLR systems.
Secondly, a MLR system is made up of rotorcrafts, tethers and a slung load which will cause the problem of load swing and oscillation, resulting from the flexibility of the tethers. On the one hand, load swing has an influence on the stability of the system which may result in the failure of cooperative transportation. On the other hand, load oscillation is likely to bring about the oscillation of rotorcrafts and have a detrimental effect on the accurate sensors, leading to some flight accidents. So it is significant to solve the problem of load swing as well as load oscillation in the future.
In the end, multiple rotorcrafts are utilized to carry a payload which is too heavy to be transported by a single vehicle attached by massless and stretchable tethers, and the tethers can slack and taut smoothly during the flight maneuvers. So considering a wide range of constraints in practice is indeed of great importance. Taking uncertain constraints and high performance into consideration, coordinated control remains to be a hot issue and a quite difficult problem.
Remark 3: The main problem is the motion coordinated control taking into account the forces constraints. A surging number of researchers begin to utilize bio-inspired collaborative strategy based on the master-slave paradigm to carry out relative research on MLR systems.
IV. EXPERIMENTAL STUDIES
There are few experiments on MLR systems except the ones in DLR's, ETH's, University of Zurich's and NTNU's studies shown in Fig. 3 [18] , [23] , [26] [27] [28] .
Researchers from DLR conducted flight experiments as shown in Fig. 3(a) [18] , [23] . Three rotorcrafts were utilized to carry a payload without spreader bars based on decentralized linear control strategy combining nonlinear attitude dynamic model. They ignored the coupling and successfully finished 2 experiments. The first experiment was conducted in Berlin, December 2007. A load weighing 4 kg was transported with three helicopters using ropes with the length of 13m. Three small size helicopters were arranged as an equilateral triangle on the ground, with a distance of 8m between the helicopters. The other experiment was carried out in May 2009, which was similar to the first one. Additionally, researchers from Norwegian University of Science and Technology (NTNU) further verified their strategies by employing two flight experiments [28] , where three hexacopter UAVs cooperatively transported an unknown payload of up to 2.2 kg. Both the work proposed by DLR and NTNU adopt the same configuration like Fig.  2(a) .
In 2017, researchers from ETH Zurich [26] used two AscTec Firefly hexacopters weighing 1600g to carried out experiments for cooperative transportation of a bulky object,a 1.2 m carton tube weighing 370 g. By the same token, scholars from University of Zurich [27] used the same configuration as shown in Fig. 2(c) . They utilized two quadrotors weighing 800g to carry a 1m long aluminum rod which weighed 263g and was attached by tethers of 0.4m. However, both experiments from ETH Zurich and University of Zurich's flight experiments were indoor experiments without respect to some uncertainties as well as external disturbances.
Remark 4:
The flight experiments about MLR systems are rarely mentioned except relative work mentioned above. It is indeed of great importance to carry out flight experiments to verify the proposed control methods.
V. MAJOR PROBLEMS AND PROSPECT
As a result of the advent of a wide range of control methods, numerous people find it possible to apply these strategies into MLR systems. Although extensive research on MLR systems could provide some reference techniques, there are still several issues that need to be resolved.
(1) Reasonable dynamics modeling
The reasonability of the dynamics model is of great importance. MLR systems are strongly coupled and their models may be much more complicated than UAVs. If excellent mathematical model is derived, helpful controllers can be designed and applied. It can be seen from references [4] , [35] [19], [20] , section II and Remark 1 that some uncertainties could be considered and some assumptions may do harm to systems' control. So how to derive a reasonable model for a MLR system is of great importance. (2) Reasonable configuration and structure
The configurations of MLR systems are diverse, such as with support bars and without support bars. The length of tethers, the suspension position and the mass and shape of slung load are all extremely vital for the research of MLR systems. It is clear from Fig.1, Fig.2 and reference [29] , [34] , [35] that proper configuration and structure are beneficial to enhance the performance of MLR systems, yet there is no flight test comparing different configurations and structures. Designing proper configuration and structure for MLR systems may be quite interesting. Take a quadrotor as an example and a quadrotor is a highly coupled nonlinear underactuated system, whose dynamics corresponds to a six DoFs free flying rigid body parameterized in R 3 ×SO (3) space with merely four independent thrust forces. While a heavy load is suspended under a quadrotor, the system is eight DoFs with only four independent thrust forces. Therefore, unmanned single-lift rotorcraft (USLR) systems are sophisticated.
MLR systems are strongly coupled and the slung load may bring about swing and oscillation so that the control problem is more complex than USLR systems'. It can be seen from table I, section III and section IV that numerous researchers have proposed a large number of control strategies, but only a few of them can be put into practice. It is urgent (a) DLR's flight experiment [18] (b) ETH's flight experiment [26] (c) NTNU's flight experiment [28] (d) University of Zurich's flight experiment [27] Apart from the points mentioned above, there are some good research directions such as path planning and cooperative localization. This review and the references mentioned in this survey indicate that few studies are about these aspects for MLR systems, which is likely to be interesting to boost the performance of MLR systems.
VI. CONCLUSIONS
MLR systems, being excellent at improving transportation capability, can carry various payloads which are too heavy to be transported by a single vehicle. Nonetheless, numerous problems remain to be settled. The studies of MLR systems are faced with plentiful problems and challenges which are summarized in this paper based on previous literature.
MLR systems play an increasingly significant role in the rotorcraft family. If the problems mentioned above are coped with, MLR systems will be quite conductive to human beings.
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